The aim of this study is to develop the novel temperature measurement method during welding by using two high-speed cameras and the two-color thermometry method. This new method has some features, i.e. in-situ observation, high response speed, 2D measurement, wide temperature range and noncontact measurement. By using this method, the accurate in-situ temperature 2D distribution and history could be obtained during laser welding based on the selection of suitable band-pass filters for laser welding.
Introduction
In recent years, an accurate computational 3D analysis can be performed for the welding process to obtain the precise temperature distribution and history of the welded region since the temperature is very important to investigate metallurgical phenomenon during welding and properties of a welded region.
Therefore, the precise measurement technique for the actual temperature distribution and history are strongly demanded.
However, it is difficult to measure the temperature precisely during welding due to the rapid cooling rate and wide temperature range. Moreover, the welded region has very steep temperature distribution locally. The novel temperature measurement method needs a wide measurement range, high response speed, noncontact measurement, 2D measurement and so on.
The aim of this study is to develop the in-situ temperature measurement method during welding by using two high-speed cameras and two-color thermometry method 1~3) . In this technique, the temperature is calculated from the intensity ratio of two waves of radiation light detected by C-MOS sensors of high-speed cameras based on the two-color thermometry method.
This method does not need to calibration of the materials emissivity and the wavelength for temperature measurement is selectable by changing optical filters. In this reports, in-situ measurement for the distribution and history of temperature during laser welding was carried out based on the selection of suitable band-pass filters for laser welding.
Experimental procedure

Materials and Experimental procedure
Ni (99.9%) and type 310S stainless steel were used as a test material as shown in Table 1 . The specimen size was 50(W) 110(L) 3(T) mm. Laser welding was carried out by using fiber laser as a heat source. The welding conditions are shown in Table   2 . The laser head was tilted to the welding direction in order to prevent from interfering with the camera setup. Ar gas was blown on the top and back surface of the specimen to avoid oxidizing during laser welding. Fig. 1 shows the schematic illustration of the two-color thermometry system with two optical devices. In this study, two observation conditions, backside observation and topside observation, were used. Backside observation has the advantage which is able to cut the effect of the laser beam reflection and fumes Two monochrome high-speed cameras (Phantom Miro eX4, Nobby Tech. Ltd.), identical zoom lens and extension bellows were used. The temperature distribution and history were calculated from obtained movies by using the analysis software (Thermera-HS, MitsuiOptronics).
Spectroscopic analysis during laser welding
Type 310S stainless steel was used as a test material as shown in Table 1 For the spectroscopic analysis, a Czerny-Turner spectroscope was used. Fig. 2 shows the set-up of the spectroscope and the optical system for the analysis. The radiation initiated in the welded region was transmitted into a spectroscope through a optical fiber and lenses. The radiation dispersed in the spectroscope, and the intensity of each wavelength was measured with a CCD sensor. The measurement was done at 2 mm behind of the laser spot center on the specimen. The size of the measurement region was 250 μm × 12 mm, which consisted of 48 measuring areas. A slit width of 5 μm and a diffraction grating of 9.72 grids per millimeter were used.
Results and discussion
Result of spectroscopic analysis
Fig . 3 shows the result of the spectroscopic analysis. Fig. 3(a) shows the measured spectrum by the spectroscopic analysis during laser welding on the wavelength from 350 to 1050 nm.
The continuous spectrum with a peak intensity at 700 nm was obtained from the heat radiation of type 310S stainless steel during laser welding. However, some strong peaks with high-intensity were also detected in the continuous spectrum on the wavelength from 500 to 600 nm and at around 750 nm which are the neutral line spectra of Fe. These line spectra were identified as using the NIST spectrum database 4) . Although a few line spectra were detected at around 770 nm, a smooth continuous spectrum without any line spectra on the wavelength from 780 to should lead to a significant measurement error, because the temperature is calculated from the radiation intensity ratio of the two wavelengths in two-color radiation thermometry. Therefore, two wavelengths for temperature measurement using two-color radiation thermometry must be selected within the region having no line spectrum. In this paper, an 810 nm (FWHM: 10 nm)
band-pass filter and a 980 nm (FWHM: 56 nm) band-pass filter were used for the temperature measurement on type 310S stainless steel.
Temperature measurement of pure Ni
To verify the proposed measurement method using the optical system, the backside observation way carried out during laser welding using pure Ni, which has clear melting point (1453 ). It was confirmed from the above investigation that the proposed temperature measurement method had adequate accuracy around the melting point and could be used during laser welding. From the above considerations, the proposed two-color radiation thermometry using two optical systems with high speed cameras can be one of the useful in-situ temperature measurement methods, and this method is especially good for temperature measurement during rapid cooling condition corresponding to laser welding, since this method has many advantages, high response speed, 2D measurement, wide temperature range and non-contact measurement. In addition, this method enables to observe welding phenomenon and to measure temperature at the same time.
Temperature measurement of type 310S stainless steel
Summary
The in-situ temperature measurement technique during laser welding using two high-speed cameras and two-color thermometry method was investigated. Based on the spectroscopic analysis, wavelengths of 810 and 980 nm were selected for the two-color radiation thermometry using type 310S stainless steel in order to avoid line spectrums of Fe. The in-situ temperature distribution around a weld pool could be measured in a 2D field using two-color radiation thermometry. Both temperature distribution and history could be measured precisely although the cooling rate is quite high during laser welding. The proposed technique also achieves the high response speed and high precision. 
